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PEMBAKARAN TANPA NYALAAN API PRACAMPUR BAGI GAS 
PENGELUAR DALAM SEBUAH PEMBAKAR SIKLON 
ABSTRAK 
Mod pembakaran konvensional gas pengeluar (PG) menghadapi masalah 
nyalaan yang tidak stabil, kadar pembakaran yang rendah, dan kemerosotan output 
kuasa disebabkan kandungan pemanasannya yang rendah. Pembakaran tanpa nyalaan 
ialah teknik pembakaran yang membawa harapan untuk meningkatkan prestasi proses 
pembakaran. Walau bagaimanapun, teknik ini masih kurang lazim digunakan dengan 
PG. Kajian ini bertujuan menyelidik pembakaran tanpa nyalaan pracampuran PG. PG 
yang diterbitkan daripada penggasan bongkah kayu getah dibakar di dalam pembakar 
siklon pracampuran. Kemudian, simulasi berangka dilakukan untuk memahami 
proses-proses kinetik kimia dan ciri-ciri pembakarannya. Hasil uji kaji menunjukkan 
bahawa proses pembakaran optimum dicapai apabila muncung salur masuk 
berdiamater 30 mm digunakan dengan nisbah kesetaraan 0.89 berserta suhu gas 
serombong 1096.33 K dan CO minimum sebanyak 133.3 ppm sementara NOx bernilai 
402.3 ppm. Analisis kinetik kimia dan simulasi ciri-ciri dinamik bendalir (CFD) telah 
digunakan untuk menentukan pencapaian pembakaran tanpa nyalaan berdasarkan 
nisbah pencairan bahan tindak, Rdil > 0.6, keseragaman suhu ternormal, Tn < 15%, dan 
aturan tindak balasnya. Hasil CFD juga mendedahkan bahawa kenaikan suhu bahan 
tindak daripada 400 K kepada 700 K berjaya menyeragamkan lagi agihan suhu tetapi 
juga meningkat CO daripada 170 ppm kepada 401.19 ppm dan NO daripada 12.7 ppm 
kepada 58.9 ppm. Kenaikan nilai pemanasan bahan api telah mengurangkan 
keseragaman agihan suhu dengan ketara. CO berkurang daripada 170.01 ppm kepada 
21.88 ppm manakala NO bertambah daripada 13 ppm kepada 795 ppm apabila nilai 
xxiii 
pemanasan dinaikkan daripada 4 MJ/m3 kepada 11.6 MJ/m3. Apabila angka muncung 
dinaikkan daripada 1N kepada 4N, keseragaman agihan suhu berkurang sedikit. CO 
berkurang daripada 170.01 ppm kepada 103.249 ppm manakala NO bertambah 
daripada 12.7 ppm kepada 47.34 ppm.  
xxiv 
PREMIXED FLAMELESS COMBUSTION OF PRODUCER GAS IN A 
CYCLONE COMBUSTOR 
ABSTRACT 
Conventional combustion mode of producer gas (PG) encounters flame 
instability, low burning rate, and dropping in power output due to its low heating 
content. Flameless combustion is a promising combustion technique for improving 
performance of the combustion process. However, its application with PG remains 
much less common. This study aims to investigate premixed flameless combustion of 
PG. PG derived from a gasification of rubber wood blocks was combusted in a 
premixed cyclone combustor. Then, numerical simulation was conducted to gain 
insight into the chemical kinetics processes and its combustion characteristics. 
Experimental results showed that the optimum combustion process was achieved for 
the case of inlet nozzle diameter of 30 mm and equivalence ratio of 0.89 with flue gas 
temperature of 1096.33 K and minimum CO of 133.3 ppm while NOx emission was 
402.3 ppm at this operating point. Chemical kinetics analysis and computational fluid 
dynamics (CFD) simulation were implemented to determine the achievement of 
flameless combustion based on reactants dilution ratio, Rdil > 0.6, normalized 
temperature uniformity, Tn < 15%, and its reaction regime. The CFD results also 
revealed that increasing inlet reactants temperature from 400 K to 700 K was beneficial 
for more uniformity of temperature distribution, but it resulted in increasing CO from 
170 ppm to 401.19 ppm and NO from 12.7 ppm to 58.9 ppm. Increasing the heating 
value of fuel significantly decreased the temperature distribution uniformity. CO 
decreased from 170.01 ppm to 21.88 ppm while NO increased from 13 ppm to 795 
ppm when increasing heating value from 4 MJ/m3 to 11.6 MJ/m3. For increasing 
xxv 
number of the nozzle from 1N to 4N, it slightly decreased the temperature distribution 
uniformity. CO decreased from 170.01 ppm to 103.249 ppm while NO increased from 
12.7 ppm to 47.34 ppm.
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The world’s energy consumption is increasing steadily with continuous 
population and economic growth. Specifically, in Southeast Asia, the demand for 
energy has been increased by more than 50% from 2000 to 2013 and it will be 
increased up to 80% in 2040  (IEA, 2015). It is noticeably observed that the biggest 
share of power generations is derived mainly from utilizing fossil fuels such as coal, 
gas, and oil, as shown in Figure 1.1. 
In the power generation point of view, combustion constitutes a primary 
requisite for fuel to energy conversion. However, the combustion results in 
environmental problems, especially greenhouse gas emissions (Hosseini and Wahid, 
2014). To mitigate these concerns, alternative fuels derived from renewable energy 
source are sorted as one of the potential options (Herbert and Krishnan, 2016; Hosseini 
et al., 2013; Muench, 2015). Combustion of alternative fuels with low carbon 
containing (and thus its low heating value) will results in low greenhouse gas 
emissions in comparison with the fossil fuel. Biomass has been considered as one of 
the biggest renewable energy sources which can be utilized mainly for producing 
alternative fuels to mitigate the dependency of the fossil fuel (Demirbas, 2005; Herbert 
and Krishnan, 2016; Muench, 2015; Panwar et al., 2012; Ruiz et al., 2013). 
Furthermore, utilization of biomass energy has an advantage in terms of low carbon 
footprint energy for reducing the negative effects of the environmental issues, 
especially net CO2 emissions which could be suppressed throughout the bio-cycle 




* includes solar PV, wind, and geothermal; Note: Mtoe = million tonnes of oil 
equivalent by 1 toe = 41.87 GJ (Giga Joules) 
Figure 1.1 Power generation share for Southeast Asia region for 2000 and 2013 
(IEA, 2015) 
 
1.2 Producer gas as an alternative gas fuel 
Outline of typical processes of the conversion of biomass to energy from 
gasification to downstream utilizations is illustrated in Figure 1.2. Basically, biomass 
can be directly fired to generate heat and power. However, it can be converted into 
more useful energy form in terms of gaseous fuel known as producer gas (PG) or 
synthesis gas, which can be used for firing and operating the engines. PG derives from 
partial combustion of any biomass through a gasification process where a mixture of 
both combustible and non-combustible gases is formed (Belgiorno et al., 2003; 
Dudyński et al., 2012; Sansaniwal et al., 2017; Widjaya et al., 2018). 
By an air-blown gasification process under operating temperature below 
1200°C, the gas composition will include carbon monoxide (CO), hydrogen (H2), 
methane (CH4), and incombustible species (N2, H2O, and CO2) as well as small oxygen 
concentrations (O2) (Al-Attab et al., 2015; Al-Attab and Zainal, 2011, 2017; Zainal, et 
al., 2002; Zainal et al., 2010). The concentration of these species depends upon the 
type of gasification process, gasifier, biomass material, and gasifying agent (Couto et 
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al., 2013; Lapuerta et al., 2008; Rafidah et al., 2011; Weerachanchai et al., 2009; Zainal 
et al., 2010). As demonstrated by Huynh and Kong (2013), using oxygen-enriched 
air/steam gasification can significantly enhance H2/CO ratio of PG mixture. The 
increase of H2/CO ratio is beneficial for enhancement of PG quality by increasing its 
heating value (Basu, 2010). 
 





• Gasifier type 
• Gasifying agent 
• Biomass type 
• Operating condition 
Gas cleaning 
 
• Cold gas cleaning 
• Hot gas cleaning 
Pre-biomass 
• Other fuel forms 
• Internal combustion engine 
• External combustion 
 
Downstream utilization stage 
Power + heat 
Hot dirty gas CO, H2, CH4, CO2, N2 
+ tar, particulates 
CO, H2, CH4, CO2, N2 Cleaned gas 
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From Figure 1.2, the final stage of the downstream utilization, combustion 
process plays a key role in the PG to power and energy conversion. From an economic 
point of view for small-scale application of the combined heat and power generation 
(CHP) system, firing in a combustion chamber and utilizing it in combination with 
external combustion engines is a remarkable option (De Mena et al., 2017; Rentizelas 
et al., 2009; Rokni, 2014). By this approach, raw PG has no need to be deeply cleaned 
(De Mena et al., 2017) due to the firing in a combustion chamber is not very sensitive 
to contaminates the raw PG as in internal combustion engine applications and thus, 
specific gas cleaning/cooling systems can be eliminated. However, with different 
combustible gas compositions and uncertain heating value of PG, the optimized 
combustion chamber as well as flexible and efficient combustion techniques need to 
be addressed while utilizing PG via a combustion process (Ghenai, 2010; Kwiatkowski 
et al., 2012; 2013; Oliveira et al., 2012). 
1.3 Flameless combustion as a promising combustion for PG fuel 
1.3.1 Definition of flameless combustion 
Combustion with invisible flame called “Flameless Combustion” is a modern 
combustion technology, which can fulfil the requirement of high thermal efficiency 
and low pollutant emissions (Xing et al., 2017). Flameless combustion can also be 
found in different names such as “High Temperature Air Combustion (HiTAC)” (Tsuji 
et al., 2003), “Flameless Oxidation (FLOX) combustion” (Wünning and Wünning, 
1997), “Moderate or Intense Low-oxygen Dilution (MILD) combustion” (Cavaliere 
and De Joannon, 2004), and “Colorless Distributed Combustion (CDC)” (Arghode and 
Gupta, 2010). However, these combustion methods rely on the same principle that the 
5 
 
combustion process is operated under low oxygen reactive environment by means of 
high preheating and diluting fresh reactants before its reaction and the combustion 
process is carried out by entirely distributed auto-ignition of fuel/air mixture. 
Therefore, the achievement of flameless combustion is based on high preheating with 
dilution of fresh reactants where: (1) the temperature of the fresh reactants must be 
higher than auto-ignition temperature of the fuel (Cavaliere and de Joannon, 2004; 
Wünning and Wünning, 1997) and (2) the local reactants mixture must be diluted by 
inert species into less than 15% oxygen concentration (Khalil and Gupta, 2014; 
Lezcano et al., 2012; Mancini et al., 2007). 
During flameless combustion process, combustion volume is occupied by 
distributed reaction and uniform temperature field, leading to invisible flame with 
disappearing flame front and merging the main reaction zone into the post-flame zone. 
Although flameless combustion mode operates under high temperature environment 
(higher than the auto-ignition point of the fuel), its peak combustion temperature is 
suppressed, which is much lower than that of the traditional combustion mode. This is 
because of the combustion volume is entirely diluted by hot combustion products, 
leading to slower reaction rates and then, lower combustion temperature. Figure 1.3 
illustrates the different features of flameless combustion to traditional combustion 











Figure 1.3 Comparison of the features of traditional combustion (a) and flameless 
combustion (b) (Milani, 2001) 
 
1.3.2 Benefits and application status of flameless combustion 
High degree of preheating combined with large thermal distributions (high 
temperature of both reactant and furnace) allow for fully oxidized fuel/air mixture, 
leading to complete combustion (low CO emission). Also, thermal efficiency and 
flame stabilization are improved considerably in comparison with traditional 
combustion mode (Gupta, 2004). Furthermore, lower peak combustion temperature 
results in lower NOx emissions due to suppression of NO thermal formations 




Flameless combustion is first applied for industrial furnace to reduce NOx 
emission and enhance performance of the combustion system where regenerative heat 
exchangers are used to absorb waste heat of combustion products and transfer it back 
to the combustion zone. This recovering heat can be directly translated into a term of 
fuel saving, which demonstrated by experiments (Katsuki and Hasegawa, 1998; Tsuji 
et al., 2003) that the fuel saving can be increased up to 30%, corresponding to the same 
amount of CO2 reduction on the basis of correlation between fuel consumption, CO2 
production, and fuel saving. NOx emission from flameless combustion mode can be 
decreased by up to 80% in comparison with traditional mode (Abuelnuor et al., 2014). 
Meantime, application of flameless combustion in an industrial boiler can be found in 
investigation of Kawai et al. (2002). Currently, flameless combustion has been 
focussed to gas turbine combustors (Khidr et al., 2017; Perpignan et al., 2018; Xing et 
al., 2017). 
Flameless combustion presents a successful combustion technology to improve 
flame stability with high thermal field uniformity. This can be considered as a 
promising combustion method for low heating value fuel. Flame instability and low 
burnt-out rate combustions due to low heating value of the fuel can be mitigated by 
the high thermal field uniformity of flameless combustion technique. In particular, for 
PG fuel, high levels of preheating and dilution are already present in the PG through 
the gasification process. This will comply with the principle of flameless combustion. 
The raw PG generated in an air-blown gasifier has an exit temperature higher than 
700°C (Kwiatkowski et al., 2013) and consists of N2 and CO2 as inert gases of over 




1.4 Problem statement 
Utilizing PG via combustion process suffers difficulties such as (1) with low 
heating value of PG, the combustion process encounters flame instability and low 
burnout rate, (2) low heating value of PG can leads to low power output and drop in 
overall combustion efficiency, and (3) the combustion process of PG also suffers high 
dilution of inert species (N2 and CO2) and various combustible species (CO, H2, and 
CH4), leading to difficulties for optimization of burner configurations as well as 
determination of the combustion conditions. 
In this sense, combustion of PG in an ordinary combustion system cannot 
guarantee sufficiently flame stability and low pollutant emissions. Although flameless 
combustion technology has the great performance to fulfil these requirements, its 
application extending to PG fuel remains much less common. Especially, premixed 
flameless combustion of PG in a swirl flow combustor has not yet been investigated. 
There is a wide variety of the firing systems utilized premixed combustion mode from 
small-scale power generation plant to industrial furnace applications (Peters, 2004; 
Turns, 2000). Premixed combustion strategy allows for good mixing result with a 
certain ratio of fuel/air mixture, which is better to control operating combustion 
conditions and to achieve low polluting emissions. If those systems can operate in 
flameless combustion mode with PG fuel, performance of the combustion system 
could be considerably improved with an outstanding reduction of polluting emissions. 





1.5 Objective of study 
The focus of this study is to fulfil the gap of premixed flameless combustion 
application with PG fuel. Combination of a gasifier with a cyclone combustor to 
operate premixed swirl flameless combustion of PG is performed in this study. Both 
the experimental and numerical investigations are employed, as the following 
objectives: 
1) To investigate experimentally the premixed combustion characteristics 
operated under flameless combustion mode with producer gas fuel in a 
cyclone combustor. 
2) To conduct numerical simulation on the fluid dynamics, internal dilution 
ratio, and reaction regime in the combustor. 
3) To determine numerically the initial conditions of fresh premixed reactants 
that influence the realization of producer gas flameless combustion, its 
auto-ignition process, and the combustion process in a chemical reactor. 
4) To investigate numerically the effects of producer gas properties and 







1.6 Scope and limitation 
The scope of the present research work can be summarized as follows: 
1) In the experiment, producer gas is produced using an air-blown fixed-bed 
down draft gasifier with its thermal capacity within 50 – 222 kWth with 
respect to producer gas productions, using rubber wood blocks with 
maximum block length of about 15 cm as solid fuel for the gasifier. 
2) Hot producer gas after the gasifier is cleaned by using an insulated cyclone 
separator in order to remove ash and particles from the raw producer gas 
mixture before it is being used as fuel for the combustion process. 
3) The gasification and combustion processes are operated under atmospheric 
condition where both gasifying air and combustion air are supplied to the 
system at ambient temperature and pressure. 
4) The producer gas fuel is burned in a premixed cyclone combustor and the 
combustion process characterizes based on temperature profile along the 
combustion chamber, flue gas temperature, and pollutant emissions, 
operating at the thermal power input of the fuel of about 90 kWth under the 
condition of temperature of 300 K and pressure of 101325 Pa. 
5) Temperature is measured using K-type thermocouples and exhaust gas 
analyser type is used to record the pollutant emissions such as CO (%), 
CO2 (%), O2 (%), and NOx (ppm), however, this exhaust gas analyser 
cannot measure Sulphur oxide (SOx) and unburn hydrocarbon (UHC). 
6) Numerical simulation for investigating flameless combustion and auto-
ignition process of producer gas fuel is conducted by using ANSYS 
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Chemkin-Pro 17.0 in combination with the detail reaction mechanism of 
GRI-Mech., 3.0. CFD simulation for characterizing the flameless 
combustion of producer gas in a premixed cyclone combustor is performed 
using Fluent CFD code of ANSYS software 17.2. 
7) Since CFD simulation with the detail reaction mechanism consumes 
expensively computational task, global reaction mechanisms based on the 
default values in the ANSYS Fluent software and semi-detail reaction 
mechanism of skeletal 17 species are considered for the CFD simulation.  
1.7 Thesis outline 
Numerical and experimental studies are both carried out and presented in this 
thesis. Chapter 2 provides literature reviews involved with the development of PG 
combustion technologies, including the investigations of flameless combustion, which 
operated in swirl flow and premixed combustors.  Chapter 3 describes methodology 
used in this study. Experiments on flameless combustion of PG fuel in a premixed 
cyclone combustor and its results are described in Chapter 4. The essential conditions 
for the realization of PG flameless combustion are estimated through chemical kinetics 
modelling. Furthermore, the auto-ignition and combustion processes of PG under 
dilution (flameless combustion mode) and non-dilution (traditional combustion mode) 
cases are described in Chapter 5. CFD simulations to gain results of flow field inside 
a cyclone combustor and flameless combustion characteristics as well as the effects of 
PG properties and nozzle configurations on the premixed flameless combustion 
characteristics of PG are also presented in Chapter 5. Conclusions of the study are 
summarized in Chapter 6. 
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CHAPTER 2  
 
LITERATURE REVIEW 
2.1 Improvement of combustion performance  
The concept of flue gas recirculation to preheat reactants, especially in 
preheating combustion air, is an effective approach that introduced to improve the 
performance of combustion system. This process is well known as the heat-
recirculation combustion or excess enthalpy combustion process (Weinberg, 1971). 
With this concept, the reactants are highly preheated prior to entering the flame zone 
and the combustion temperature can be elevated to the super adiabatic temperature 
compared to the case without heat-recirculation, such as shown in Figure 2.1 (Belmont, 
2014). Excess enthalpy combustion has been considered as an effective combustion 
technology for utilizing a low heating value fuel. However, the main concern with the 
high combustion temperature is an increase of the thermal nitric oxide formation, 
leading to increasing NOx emission. 
In the development of combustion technology, researchers (Tsuji et al., 2003) 
discovered that an injection of highly preheated combustion air at high velocity into 
the combustion zone results in combustion with invisible flame and uniformity of the 
in-furnace thermal distribution. They reported that low O2 concentration in the flue gas 
and low NOx emission were detected. Thermal efficiency of the combustion system 
was increased by more than 30% due to recirculation waste heat of flue gas to preheat 




Figure 2.1 Comparison between combustion processes with (solid line) and 
without (dashed line) heat recirculation (Belmont, 2014) 
 
2.1.1 Determination of flameless combustion region 
In the practical combustion process, there are different definitions to describe 
the boundary of flameless combustion based on relationship between temperature and 
internal gas recirculation rate or dilution level. Wünning and Wünning (1997) 
proposed that flameless oxidation regime (FLOX) is indicated by the furnace 
temperature that is higher than auto-ignition temperature (Tig) of the fuel and 
dimensionless recirculation ratio (KV) should be greater than 3 (KV > 3). KV is defined 
as a ratio of exhaust gas recirculation mass flow rate (ME) to the sum of the mass flow 
rate of combustion air (MA) and fuel (MF): 
 
KV  = ME / (MA + MF)     (2.1) 
 
The other combustion technology development (Tsuji et al., 2003) was carried 
out based on preheating combustion air, called High-Temperature Air Combustion 















concentration. When oxygen concentration reduces to less than 15% (Gupta et al., 
1999) and the combustion air temperature is preheated to higher than Tig, the 
combustion process is able to transform into the regime of HiTAC. 
Cavaliere and de Joannon (2004) analysed both regimes FLOX and HiTAC 
and proposed the definition of the combustion regime of Moderate and/or Intense 
Level of Dilution (MILD), which can be mathematically described as follows: (1) the 
initial reactant temperature (Tin) before the combustion must be greater than Tig, Tin > 
Tig while (2) temperature increment during the combustion process (∆T) is conformed 
to less than Tig, ∆T < Tig. 
Flameless combustion regime is actually able to occur with the whole range of 
initial reactant conditions, where the inlet flameless mixture temperature must be 
sufficiently hot while operating under low reactant dilution levels otherwise a higher 
dilution level is required (Wang et al., 2014). Rao and Levy, (2010) summarized the 
definitions of flameless combustion regime into a typical diagram, as shown in Figure 
2.2. In this figure, non-premixed strategy flameless combustion is described depending 
upon hot flue gas recirculation. As recirculation ratio is higher than 0.5, the reactant is 
diluted into low oxygen concentration of about 12% with inert species of about 88% 
while preheating reactant temperature higher than the auto-ignition temperature, this 




Figure 2.2 Different combustion regimes based on O2 concentration, recirculation 
ratio, and reactant temperature (Rao and Levy, 2010) 
 
2.1.2 Determination of reaction regime under flameless combustion  
Since chemical reaction in flameless combustion is relatively low, its reaction 
regime can be typified by a slow chemistry regime, depending upon low Damköhler 
number (Da) and high Karlovitz number (Ka) (Da < 10 and Ka >> 1) (Jin and Zhou, 
2015; Sorrentino et al., 2017). The reaction regime of premixed flameless combustion 
was examined by Li et al. (2014), which is observed that premixed flameless 
combustion of methane/air locates in the regime of flamelets-in-eddies typified by 
moderate Da and high turbulence characteristics (turbulence Reynolds number - Ret). 
They also reported that variation of the thermal power load between 7.5 kW and 10 
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kW did not show a significant effect on the premixed flameless reaction regime. 
Obviously, equivalence ratio becomes a significant factor that influences the transition 
of the reaction regime under the flameless combustion process. Khalil and Gupta, 
(2017) pointed out that decrease of equivalence ratio by increasing Reynolds number 
in combination with combustion air dilution significantly results in a reaction regime 
with respect to very low Da. However, in order to transform a combustion process into 
the distributed regime, Da must be reduced in combination with low oxygen where the 
integral length scale is less than the flame thickness, as shown in Figure 2.3 (Khalil 
and Gupta, 2017). 
 
Figure 2.3 Combustion regimes based on Borghi diagram Da against Ret (Khalil 
and Gupta, 2017): L0 = integral length scale, δL = flame thickness, and 
Lk = Kolmogorov length scale 
 
In turbulent premixed combustion, Da is expressed as a ratio of the scale of the 
characteristic flow time (τflow) over the characteristic chemical time (τchem), according 




Da = τflow /τchem       (2.2) 
While Ka is defined as a ratio of the scale of the characteristic chemical time 
(τchem) to the characteristic Kolmogorov time (τk), which is a time scale of the small 
eddy, depending upon the kinematic viscosity (ν) and dissipation (ε) by τk = (ν/ε)1/2 
(Peters, 1999), as follows: 
 
Ka = τchem /τk        (2.3) 
 
2.2 Development of PG combustion technology 
2.2.1 PG combustion parameters with burner application 
Although different types of biomass feedstocks can influence the PG 
composition, the results of combustion parameters such as flame speed, adiabatic 
flame temperature, wobbe index, flame stability, and extinction limits are not 
significantly varied with the different types of biomass (Hernandez et al., 2008; 
Lapuerta et al., 2008). This implies that using different biomass materials in a 
gasification process can be carried out without disturbing the performance of the 
combustion system. Yan et al. (2010) also implied that with a confined environment 
combustion, stability of PG flame is not sensitive to compositions of the PG fuel used. 
In their study, partially premixed burner covered with a conical tube was used to study 
structures and stabilization of PG combustion. Flame stability has improved 
significantly when compared to the combustion without the conical tube. 
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For gas turbine, which designed to operate at low temperature (<1200 K), high 
quality of gas fuel is not required, but amount of flue gas flow constitutes a significant 
factor to deliver a full capability of the power generation (Baina et al., 2015a; Rabou 
et al., 2007). However, combustion of low heating value fuel suffers flame instability 
and narrow flammability limits (Uchman and Werle, 2016). To improve the flame 
stability under lean-mixture combustion, mixing PG with natural gas was introduced 
(Saliamonas et al., 2014) and maximum amount of PG mixed with natural gas should 
not be higher than 37% (Hernández et al., 2013). 
Laminar flame speed and adiabatic flame temperature are two main combustion 
parameters described the combustion behaviours of low heating value gas fuel (Kalisz 
et al., 2008). As illustrated in Figure 2.4 (Cheng et al., 2011), both laminar flame speed 
and adiabatic flame temperature evidently increase with increment of H2 and CO in a 
given fuel mixture. However, high H2 concentration results in flame instability and 
flame flashback problems in the combustion process (Kishore et al., 2008; Serrano et 
al., 2008; Vu et al., 2011). 
Liu et al. (2010) studied the flame structures of PGs obtained from different 
gasification processes. They found that the oxidization layer of these gases is very 
similar to methane/air flame while their flame thickness has an inverse proportion to 
the respective laminar flame speed. Furthermore, Munajat et al. (2012) reported that 
laminar flame speed of PG is sensitive to water vapour (H2O) and tar (C6H6) compound 
in a fuel mixture. A reduction of laminar flame speed was observed with the addition 
of H2O into the fuel mixture while the addition of C6H6 resulted in a non-monotonic 
trend of laminar flame speed, which initially decreased until reaching a minimum 








Figure 2.4 (a) Adiabatic flame temperature and (b) laminar flame speed at 
stoichiometric mixture of H2/CO/CH4/air as a function of CO and H2 





Another important parameter related to thermochemical properties of PG 
combustion is auto-ignition delay. Low combustion temperature and reduced knock 
tendency of PG are optimal for enhancing the spark ignition engine thermal efficiency 
without affecting NO emissions (Hernandez et al., 2006). Characterization of PG 
combustion in a constant volume combustion bomb (CVCB) was investigated by 
Tinaut et al. (2010) and Soid and Zainal (2014). The results obtained from the CVCB 
combustion are useful information for determination of operating conditions as well 
as combustion chamber of internal combustion engine to operate with PG fuel 
effectively. 
Hernandez et al. (2012) characterized the combustion of producer gas obtained 
from air-blown gasification process through a stability diagram, as shown in Figure 
2.5. It can be observed that a stability region covers a lean fuel/air ratio between 0.79 
to 1.0 with the maximum reactants velocity of 0.5 m/s to 0.71 m/s and up to 1.18 for a 
rich mixture with the maximum reactants velocity of about 1.6 m/s. With the confined 
environment in swirl combustion flow, stable combustion with low CO and NOx 
emissions can be achieved in a range of a lean fuel mixture about 0.49 to the rich fuel 
of about 1.25 with flue gas temperature between 700 - 1100°C (Al-Attab and Zainal, 
2017). Compared to methane, PG combustion is characterized by the shorter auto-
ignition delay (Hernandez et al, 2006) and lower both laminar flame speed and 
adiabatic flame temperature (Ouimette and Seers, 2009). However, laminar flame 
speed of PG is often greater than that of methane at rich-fuel mixture side and under 




Figure 2.5 Combustion stability diagram for producer gas                    
(Hernandez et al., 2012) 
 
2.2.2 Combustion stabilization with swirl vane and bluff-body 
A critical concern of PG combustions is unstable flame combustions, which 
relates to its compositions, low heating value, and local flame temperature as well as 
mixing fuel/air. A combination of swirl vane and bluff body is a favourable approach 
to handle this concern. The main idea of this technique is to create high turbulent flow 
of air and fuel streams in order to achieve good mixing, which will lead to stable 
reaction of air and fuel and then, enhance the flame stability limits. Flame stabilization 
using a bluff body and swirl vane for PG combustion is usually applied to the premixed 




Figure 2.6 (a) Schematic arrangement of burner components (Panwar et al., 
2011), (b) swirl vane and (c) bluff body (Bhoi and Channiwala, 2008) 
 
Bhoi and Channiwala (2008, 2009) reported that there are significant effects of 
a diameter of bluff body and its locations on the flame stability and the peak 
combustion temperature of PG combustion. The swirl vane used has an optimal angle 
of the vane of 60°. With this angle, flammability limit is within the range of 40-55%. 
A bluff body with diameter of 65 mm (corresponding to a blockage ratio of 0.65) 
located near the nozzle tip is an optimal condition for the nozzle arrangement. At this 
condition, minimum emission levels of CO and NOx were obtained 0.167% and 384 
ppm, respectively. The effect of producer gas production on emissions in a swirl vane 
and bluff body premixed burner was found in an investigation of Panwar et al. (2011). 





ratio of 0.65 were used. They found that both CO and NOx emissions decrease with 
increasing PG flow rate. While the maximum flame temperature is observed at fuel/air 
ratio of 1.0. 
The effect of number of blades in a swirl vane premixed burner on PG 
combustion characteristics was investigated by Surjosatyo and Priambodho (2011). 
They found that a swirl vane with 8 blades gives the effective combustion results 
compared to other swirl vanes with 6 and 10 blades, indicating by minimum CO 
emissions of 0.02% with maximum temperature of 795°C. While the effect of swirl 
blade angle on combustion characteristics of PG was investigated by Ilbas and 
Karyeyen (2017), which reported that the flame temperature increases as the swirl 
blade angle increases. CO2 distribution is increased whereas CO decreases in the flame 
zone with increasing the swirl blade angle. Punnarapong et al. (2017) modified an 
existing liquefied petroleum gas (LPG) burner into a premixed PG burner for utilizing 
in a furnace of ceramic manufacturing industry. The modified PG burner is able to 
operate well at thermal power input within the range of 30-40 kW with maximum 
flame temperature of 1200°C. Thermal efficiency is in the range of 84-91% and 
acceptable range of CO and NOx emissions are observed. 
Ge et al. (2016) used a double-swirled burner to study effect of H2O on non-
premixed combustion characteristics and flame structure of PG. They reported that an 
increase of H2O in combustion air results in decreasing concentration of OH radicals, 
leading to a reduction of the main reaction zone and the average exhaust temperature, 
which is the main result of decreasing NO formation. Moreover, the humidity can also 
reduce the lift-off flame of PG combustion. Air humidification level within low 
(<25%) to medium (25%) is considered as the optimal condition. With a higher air 
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humidification (>25%) increases N2 dilution and also results in increasing CO and 
NOx emissions (Tian et al., 2016). 
2.2.3 PG combustion in staged combustor 
A staged combustion chamber with axial and radial reactants injections was 
used as a combustor for operating a single shaft micro-gas turbine using dual-fuel 
mode of PG and LPG (Sadig et al., 2015). The combustor performance was examined 
in terms of LPG fuel replacement and emission characteristics. The study reported that 
radial air injection gives a higher LPG replacement ratio than that of axial air injection. 
When LPG is replaced with producer gas, NOx emission decreases but CO emission 
increases for both injection methods. Mandl et al. (2011) designed an air staged 
combustion chamber, which separated a fuel-rich zone from an oxidizing zone in order 
to prevent NO-formation and to burn the remaining fuel in a flue gas mixture. The 
results showed that complete PG combustion is achieved. 
NOx emission from PG combustion is sensitive to the nitrogen content in the 
biomass feedstock. This is pointed out by researchers (Sethuraman, 2010; Sethuraman 
et al., 2011; Van Huynh and Kong, 2013). They reported that thermal NOx is 
significantly less than fuel-NOx constituted as a majority of the total NOx emissions. 
Besides, NOx emission does not noticeably change with varying combustion 
equivalence ratio, but it significantly increases with increment of the combustion heat 
load. Based on the numerical simulations, Sukumaran and Kong (2013) suggested that 
fuel NOx formation can be reduced by designing combustion conditions and using a 
bluff body. This method will allow the major NOx generation to pass over the fuel rich 
